Background: The perception of airway narrowing is reduced in subjects with severe asthma and may be related to the severity of airway inflammation. A study was undertaken to determine if the perception of airway narrowing changes during the reduction of inhaled corticosteroid (ICS) dose or during an asthma exacerbation. Methods: Forty two asthmatic subjects with well controlled asthma had their daily ICS dose halved every 2 months until they were weaned off ICS or they developed an exacerbation. Perception was measured at baseline and at monthly intervals during bronchial challenge with mannitol as the slope and intercept of the regression of the Borg score and percentage fall in forced expiratory volume in 1 second (FEV 1 ), and as the Borg score at 20% fall in FEV 1 (PS 20 FEV 1 ). Sputum was collected for measurement of inflammatory cell numbers. Results: In 33 subjects who successfully halved their ICS dose without exacerbation there were significant reductions in slope (p = 0.01), intercept (p = 0.01), and PS 20 FEV 1 (p = 0.003). Sputum eosinophils and airway hyperresponsiveness increased significantly but, in 14 subjects from whom sputum was obtained, changes in eosinophils were not correlated with changes in perception. Change in airway hyperresponsiveness correlated with change in PS 20 FEV 1 (r = 20.40, p = 0.025). In 27 subjects who developed an exacerbation, slope decreased (p = 0.02) and intercept increased (p = 0.01) compared with the visit before the exacerbation. Changes in intercept correlated with changes in resting FEV 1 (r = 20.57, p = 0.002). Conclusions: Perception of airway narrowing decreases during ICS dose reduction and decreases further during a mild asthma exacerbation. These changes are related to concurrent changes in airway hyperresponsiveness and resting lung function. The effect of changes in airway inflammation on perception is unclear.
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T he perception of airway narrowing is likely to be an important determinant of the perception of symptoms of asthma. We have shown previously 1 that increasing the dose of inhaled steroids and bringing asthma under good control was associated with an increase in the perception of airway narrowing induced by challenge with histamine. This finding suggests that the perception of induced airway narrowing is determined, at least in part, by factors associated with the degree of asthma control, such as the severity of airway inflammation or airway hyperresponsiveness (AHR). There have been no previous studies to determine if interventions, such as the withdrawal of inhaled steroids, that cause an increase in airway inflammation or the loss of asthma control are associated with changes in the perception of induced airway narrowing.
Previous studies have shown that perception is reduced in subjects with severe asthma 2 3 and in subjects with recurrent exacerbations. 3 Subjects with poor perception may be at increased risk of exacerbations or severe asthma if they fail to detect the onset of an exacerbation in time to institute preventative treatment. Alternatively, perception may be directly altered by the factors associated with the asthma exacerbation. Poor perception in subjects with recurrent exacerbations was associated with increased sputum eosinophils, 3 suggesting that increasing airway inflammation may reduce perception directly. The perception of breathlessness is also reduced during airway narrowing that is slow in onset 4 and by recent past experience of breathlessness. 5 6 Since exacerbations of asthma can be gradual in onset, perception may be reduced by sensory adaptation to slowly developing airway obstruction or to gradually increasing symptoms in the period leading up to the exacerbation.
The aim of this study was to explore further the relation between the perception of induced airway narrowing and markers of both asthma control and airway inflammation by determining the effect on perception of reducing treatment with inhaled corticosteroids (ICS).
METHODS

Subjects
Fifty asthmatic subjects were recruited from an asthma outpatient clinic to participate in a study of the predictors of response to progressive reduction in ICS dose. 7 Subjects had physician diagnosed asthma with a history of wheezing and chest tightness. In the 4 weeks before the study subjects had asthma symptoms no more than twice a week, did not wake at night because of asthma, and had no respiratory tract infection. There had been no changes in their dose of ICS in the previous 4 weeks and no major changes in dose (.1000 mg daily) in the previous 3 months. Exclusion criteria were current smoking and the use of oral steroids within the previous 6 months.
Study design
Subjects underwent bronchial challenge with mannitol at 4-weekly intervals. The perception of airway narrowing was measured during the mannitol challenge. Exhaled nitric oxide (NO) and spirometric parameters were measured before the challenge tests and an attempt was made to collect sputum during or after the mannitol challenge. Short acting b agonists were withheld for 6 hours, long acting b agonists for 24 hours, and antihistamines for 3 days before the challenge. No ICS were taken on the day of the study. Throughout the study subjects recorded asthma symptoms, b agonist use, and peak expiratory flow (PEF) twice daily before taking asthma medication.
Following 4 weeks baseline monitoring, subjects had their daily dose of ICS halved every 8 weeks until they suffered an asthma exacerbation or they were successfully weaned off ICS without an exacerbation for 8 weeks. The ICS treatment was stopped after a dose of 200 mg budesonide or beclomethasone, or 125 mg fluticasone was reached after successive reductions in steroid dose. An exacerbation was defined as a reduction in PEF by more than 3 standard deviations from the mean value obtained during the run in period 8 or a sudden rapid decline in peak flow or deterioration in symptoms. 9 Subjects contacted the investigating physician if all three of the PEF measurements made on any occasion fell below their ''trigger point'' and then attended the laboratory as soon as possible for measurement of lung function, exhaled NO, airway responsiveness to mannitol, and for collection of sputum. The physician responsible for the steroid reduction and for identifying the asthma exacerbation was unaware of the results of the mannitol challenge test and sputum analyses.
Asthma score
Overall asthma control was assessed using an asthma score 10 based on asthma symptoms, b 2 agonist use, and PEF variation in which each of the three components contributed a maximum of four points, giving the asthma score a possible range of 0-12. Daily PEF measurements were recorded twice daily throughout the study using hand held electronic diary card spirometers (Micro Medical DiaryCard, Rochester, Kent, UK). Subjects were asked to use the electronic diary card before medication, immediately upon waking, and in the evening to record symptoms and medication use and to perform three spirometric manoeuvres.
Lung function measurements
Spirometric tests were performed using a MicroLoop II Spirometer (Micro Medical Ltd, Kent, UK). Forced expiratory manoeuvres were repeated until two readings of forced expiratory volume in 1 second (FEV 1 ) within 100 ml were obtained, the largest of which was used in the analyses. Values for FEV 1 and forced vital capacity (FVC) were recorded as a percentage of the predicted values of Knudson et al.
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Mannitol challenge A bronchial challenge test with a dry powder of mannitol was administered to all subjects using the protocol of Anderson et al. 12 In brief, a nose clip was applied and subjects then inhaled doses consisting of 0 (using an empty capsule as a control), 5, 10, 20, 40, 80, 160, 160 and 160 mg mannitol via a Halermatic (Rhône-Poulenc Rorer, Collegeville, PA, USA). The 80 mg and 160 mg doses were given in multiple doses of 40 mg capsules. At least two FEV 1 manoeuvres were performed 60 seconds after each dose and the highest FEV 1 was used in the calculation. The fall in FEV 1 during the challenge was calculated as a percentage of the value measured after the empty capsule. If the subject had a fall in FEV 1 of more than 10% in response to a single dose, the same dose was repeated. The challenge ceased when the FEV 1 fell by 15% or more or a cumulative dose of 635 mg had been administered. Salbutamol aerosol was administered to aid recovery when necessary. The dose response ratio (DRR) was calculated for all subjects as the percentage fall in FEV 1 at the last dose, divided by the total dose administered. The provoking dose of mannitol causing a 15% fall in FEV 1 (PD 15 ) was estimated by linear interpolation. Airway hyperresponsiveness to mannitol was defined as PD 15 (635 mg or DRR >0.023% fall in FEV 1 /mg.
Perception of breathlessness
The intensity of breathlessness was measured 1 minute after the inhalation of mannitol, immediately before the lung function measurement. Subjects were asked to rate ''the severity of any sensation of uncomfortable breathing which you are experiencing at this moment'' using a modified Borg scale. 13 The scale ranged from 0 to 10 and was marked with descriptive terms including ''just noticeable'' at 0.5, ''moderately uncomfortable'' at 5, ''severely uncomfortable'' at 7, to ''maximal discomfort'' at 10.
Regression analysis, using the method of least squares, was used to determine the slope and intercept of the relationship between Borg score (dependent variable) and the change in FEV 1 (independent variable) for individual subjects. [14] [15] [16] The individual Borg/FEV 1 slope and intercept values were used to calculate Borg scores at 20% fall in FEV 1 (PS 20 FEV 1 ). Pearson correlation coefficients for the relationship between Borg score and change in FEV 1 were also calculated for each subject. Subjects with correlation coefficients ,0.71, indicating that less than 50% of the variation in Borg score was attributable to change in FEV 1 , were excluded from the analysis.
Exhaled nitric oxide (NO) measurement
Mixed exhaled NO was measured using an offline technique where the expired gas was collected into a reservoir for later analysis. 17 18 The measurement was performed with the subject standing, without wearing a noseclip. The patient took a deep breath and exhaled over 5-15 seconds to residual volume into an NO impermeable polyethylene bag (Scholle Industries Pty Ltd, Elizabeth West, Australia). The exhaled flow, measured by a rotameter (Dwyer Flowmeter Model VFASS-25, AMBIT Instruments Pty Ltd, Parramatta, Australia), was 10 l/min at a mouth pressure .20 cm H 2 O. The exhaled gas from a single breath was analysed within an hour of collection using a chemiluminescence analyser (Thermo Environmental Instruments Model 42C) which has a lower limit of detection of 1 ppb.
Sputum inflammatory cells
Sputum collection was carried out in conjunction with the mannitol challenge. If subjects had to cough during the mannitol challenge, we asked them to spit whatever they produced into a sterile container. At the end of the mannitol challenge, subjects were asked to cough and expectorate and we collected whatever was produced. Subjects rinsed their mouths with water before coughing at each collection point to remove any particles and reduce salivary contamination. All specimens were retained for later examination under the microscope, even if there were no obvious sputum plugs. Sputum was processed as described by Pizzichini et al.
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Briefly, sputum plugs were selected and added to four times their volume of diluted dithiothriotol (0.1%) (Sputolysin Reagent, Calbiochem, USA). The samples were placed in a shaking water bath (37˚C) for 30 minutes and then filtered through 50 mm nylon gauze. The slides were assessed for quality before they were counted, and slides with .20% squamous cells were rejected. A total cell count was performed and cytocentrifuge slides were prepared (Shandon Cytospin II, Sewickery, PA, USA). The inflammatory cells were expressed as a percentage of the total inflammatory cell count (400 cells) on slides fixed with methanol and stained with May-Grunwald Giemsa.
Data analysis
Values for Borg/FEV 1 slope, DRR, exhaled NO, neutrophil and eosinophil counts were log transformed before analysis. Summary statistics are reported as mean or geometric mean and 95% confidence intervals of the mean. Comparisons of values for the perception measurements at baseline with those after a successful ICS dose reduction, and at the visit immediately before an exacerbation with those during the exacerbation were made by paired t test. The magnitude of change in the variables over these time periods was calculated by subtracting the later measurement from the earlier measurement so that a positive value indicates a lower value at the later time point. Pearson's correlation coefficients were calculated to determine the association between the perception indices and the inflammatory cell numbers.
Multiple linear regression using a stepwise backward elimination method was used to determine the contribution of multiple factors to the Borg/FEV 1 slope. Table 1 shows the details of the 42 subjects whose data are included in the analysis. From the 50 recruited, four were excluded because they had a fall in FEV 1 of less than 5% and their correlation coefficients for the relation between Borg score and FEV 1 % fall were less than 0.71, implying that the stimulus of airway narrowing was too small to generate a response in terms of Borg score. A further four subjects were excluded because no data were collected during the exacerbation which developed following their first ICS dose reduction. Of the remaining 42 subjects, 33 successfully underwent at least one ICS dose reduction. Data were collected during an exacerbation from nine subjects following the first dose reduction and from another 18 subjects following subsequent dose reductions.
RESULTS
ICS reduction
In 33 subjects ICS doses were successfully halved without any exacerbation involving changes in PEF or symptoms in the following 8 weeks. 20 FEV 1 (r = 0.13, p = 0.67), slope (r = 0.08, p = 0.78), or intercept (r = 0.12, p = 0.69). Multiple regression analyses were undertaken to determine if changes in perception were associated with changes in the inflammatory cell profile. Change in intercept had a significant negative association with changes in sputum inflammatory cells, with significant contributions to the model from the changes in the percentages of neutrophils, eosinophils, and macrophages (R 2 for the regression = 0.52, p = 0.03). Changes in slope and PS 20 FEV 1 were not significantly associated with changes in the percentages of any of the inflammatory cells.
Asthma exacerbation
In 27 subjects, steroid reduction continued until an exacerbation occurred, defined as a fall in PEF values >3 standard deviations from the mean of their pre-steroid withdrawal run in values. Table 3 shows data obtained at the visit immediately before the exacerbation visit at a time when the subjects were clinically well and during the exacerbation. There was a significant decrease in Borg/FEV 1 slope (mean difference (95% CI) 0.05 (0.01 to 0.09) Borg units/% fall FEV 1 ) and an increase in intercept (0.95 (0.27 to 1.63) Borg units) but no significant change in PS 20 FEV 1 (0.06 (20.68 to 0.80) Borg units). Figure 2 shows stimulus-response curves generated from the individual slope and intercept data. During the exacerbation there were significant changes compared with the visit before the exacerbation in resting FEV 1 , resting Borg score, asthma score, and AHR. Sputum collected at the prior visit and during the exacerbation in 13 of these subjects showed no significant changes in sputum inflammatory cell counts. The change in intercept was significantly correlated with the change in baseline FEV 1 % predicted (r = 20.57, p = 0.002; fig 3) . No significant predictors of change in Borg/FEV 1 slope or PS 20 FEV 1 during the exacerbation were found.
DISCUSSION
This study has shown that reducing the daily dose of ICS in asthmatic subjects was associated with a decrease in the intensity of the sensation of airway narrowing induced by mannitol challenge, shown by decreases in Borg/FEV 1 slope, intercept, and PS 20 FEV 1 . Reduction in the ICS dose was also associated with an increase in sputum eosinophilia and AHR to mannitol. The change in PS 20 FEV 1 was correlated with change in AHR. Exacerbations of asthma following ICS dose reduction caused a further decrease in Borg/FEV 1 slope and an increase in intercept, but had no effect on PS 20 FEV 1 . The change in intercept was significantly correlated with the change in baseline FEV 1 . The effects of ICS dose reduction on the clinical and inflammatory markers in this study have been reported elsewhere. 7 We have shown previously that, when asthma control remains unchanged, the perception indices are repeatable and there are no systematic changes over time that would suggest that the changes in perception could be attributable to a learning effect. 1 The perception of airway narrowing could be affected by a number of factors including airway responsiveness, airway inflammation, or airway calibre which were altered during the ICS dose reduction and asthma exacerbation. When the ICS dose was reduced there was an increase in AHR and, in the subjects from whom sputum was obtained, in sputum eosinophilia. These changes occurred before there were any significant changes in the asthma score or spirometric function and before the subjects reported any exacerbation. This suggests that the decrease in perception that occurred during the ICS dose reduction is unlikely to be due to recent subjective experience of asthma symptoms or adaptation to airway obstruction. During the exacerbation that followed ICS dose reduction, perception decreased and AHR increased, but there were no significant changes in inflammatory cell numbers compared with the visit immediately before the exacerbation. Previous studies of ICS withdrawal 9 20 have shown that both AHR and sputum eosinophil numbers are increased during the subsequent exacerbation, but it is not clear whether these changes precede the exacerbation or are concurrent with it. In the present study, progressive changes in AHR and airway inflammation preceded the exacerbation but, by the time the exacerbation occurred, AHR to mannitol had increased by more than two doubling doses from the baseline values. In those subjects from whom sputum was obtained, at the exacerbation eosinophils had increased fourfold from baseline but neutrophils had not changed, suggesting that the exacerbations were probably not due to infections.
Corticosteroids have a wide range of effects, apart from their anti-inflammatory effects, and could conceivably have had a direct effect on perception. However, this seems an unlikely explanation for the observed changes in perception. There was no association between the daily dose of ICS at the start of the study and any of the perception variables, and the magnitude of change in ICS dose was not a significant predictor of change in perception. This is consistent with our previous findings, 1 suggesting that there is no direct effect of ICS on the perception of airway narrowing that is independent of their anti-inflammatory effect. These findings imply that changes in perception are more likely to be due to changes in the underlying asthma severity or, possibly, the level of airway inflammation.
Change in AHR had a significant negative correlation with change in PS 20 FEV 1 and a negative correlation with change in slope that approached significance (p = 0.08), indicating that greater increases in AHR were associated with greater decreases in perception. These findings are consistent with previous findings that greater airway responsiveness is associated with reduced perception in asthmatic subjects. 16 21 22 They are also consistent with those of our previous study 1 in which we found that decreases in AHR, which Table 2 Changes in perception, lung function, and airway responsiveness to mannitol in 33 subjects at baseline and 8 weeks after the reduction of their daily steroid dose by half. These subjects remained clinically well during the 8 weeks following the reduction in steroid dose. Sputum inflammatory cells were measured in14 subjects with sputum collected at both visits Borg score occurred with the introduction of high dose ICS, were associated with an increase in perception.
The effect of changes in airway inflammation on the perception of induced airway narrowing has received little study. Previous cross sectional studies have shown that blunted perception is associated with high levels of eosinophils in biopsy specimens 23 and in induced sputum. 3 In the present study there were relatively few subjects with sputum available for analysis, probably because we used dry powder mannitol as the challenge agent rather than a wet aerosol. However, subjects who were able to produce sputum did not differ significantly in any clinical or lung function characteristic from those who could not. The methods for processing the sputum were standard and the quality of the slides obtained was good. The percentage of eosinophils in sputum increased significantly during ICS reduction, but the changes in eosinophils were not correlated with changes in any of the perception variables. There were no significant changes in the percentages of any of the other inflammatory cells, either following ICS dose reduction or during the exacerbation. Although the multiple regression analyses showed that changes in the inflammatory cell profiles might have contributed to the changes in perception as measured by the intercept variable, the nature of the associations suggests that they may not be specific to any particular inflammatory cell. However, these models are based on data from a relatively small number of subjects and the lack of specificity in this study may be due to the small sample size and the weakness of the association. Exhaled NO levels were Table 3 Effects of asthma exacerbation on perception, lung function, and exhaled NO in 27 subjects and on sputum inflammatory cells in 13 subjects from whom sputum was collected both at the visit before the exacerbation when they were clinically well and during the exacerbation Borg score 20 15 10 FEV 1 (% fall) measured in all subjects but were not significantly associated with any measures of perception during either ICS dose reduction or exacerbation. The decrease in resting FEV 1 during exacerbation was a strong predictor of the increase in intercept. The intercept represents the severity of breathlessness at zero fall in FEV 1 and is, as expected, closely related to the resting Borg score (r = 0.8, p,0.0001). During ICS dose reduction the intercept value decreased slightly, although the subjects remained clinically well with no change in lung function, symptom score, or in resting Borg score. Although there is a well described linear relationship between Borg score and % fall in FEV 1 during challenge, 15 24 this reduction in the intercept, in the absence of any change in resting Borg score, may reflect a small deviation from the linear relationship. However, there were no significant changes in the mean correlation coefficients between Borg score and % fall in FEV 1 during either ICS reduction or exacerbation.
Both the Borg/FEV 1 slope 15 24 and PS 20 FEV 1 25 have been used in previous studies as indicators of the perception of acute changes in airway calibre during bronchial challenge tests. It is clear from the findings of this and previous studies 1 26 that these variables do not respond in the same way to changes in asthma status, particularly when there are concurrent changes in intercept. It has been suggested 26 that the slope reflects ''sensitivity'' to changes in FEV 1 while PS 20 FEV 1 is an indicator of the ''absolute perceptual magnitude'' of the stimulus. These studies suggest that these different components of perception behave independently and may be affected by different physiological factors. Further studies will be required to determine which, if any, of these variables has any clinical usefulness in the management of patients with asthma.
In summary, this study has shown that a reduction of ICS dose causes a reduction in the perception of induced airway narrowing before any exacerbation of asthma occurs. Because the changes in perception preceded any changes in lung function or symptoms, it is unlikely that they are the result of an adaptation to slowly developing obstruction or recent experience of symptoms. The changes in perception coincided with increasing AHR during both ICS reduction and exacerbation, but it is unclear whether there is a causal association between these changes. This finding has implications for the management of asthma since it suggests that patients' perceptions of their airway status may be compromised during the down titration of the ICS dose, at a time when they are particularly vulnerable. It is likely that changes in airway inflammation and AHR precede the development of symptoms and changes in lung function associated with an asthma exacerbation. This study has shown that these changes are associated with a decrease in perception, and it is possible that decreased perception could contribute to a delay in the reporting of symptoms.
